Tissue homeostasis and inflammation resolution require macrophages to phagocytose pathogens 2 and apoptotic cells (efferocytosis), including their own apoptotic macrophages (cannibalistic effero-3 cytosis) [1] [2][3]. Tissues that accumulate harmful stimuli (e.g. pathogens and necrotic cells) become 4 inflamed and populated by large numbers of macrophages and other immune cells. Macrophage 5 numbers increase via the recruitment and differentiation of monocytes from the bloodstream, and 6 the proliferation of tissue-resident or monocyte-derived macrophages; they decrease via apoptosis 7 (primarily) and emigration from the tissue [4][5][6][7]. Macrophages regulate inflammation via cytokine 8 signalling and phagocytosis. These processes are primarily mediated by cytoplasmic or cell-surface 9 pattern recognition receptors (PRRs) that detect pathogen-and damage-associated molecular pat-10 terns (PAMP/DAMPs) of pathogens and damaged cells [8]. In the presence of PAMP/DAMPs and 11 cytokines, macrophages polarise into a spectrum of pro-and anti-inflammatory states (e.g. M1 and 12 M2) and produce cytokines that orchestrate inflammation amplification and resolution [9][10][11]. The 13 persistence of PAMP/DAMPs in the tissue or inside macrophages can cause chronic inflammation 14 associated with disease [12][13][14]. The accumulation of pathogens and sterile substances inside mac-15 rophages is a hallmark of a variety of inflammatory diseases [15][16][17][18][19]. For example: Mycobacterium 16 tuberculosis infections [20], neutral lipids and cholesterol crystals during atherosclerosis [16, 21, 17 22], monosodium urate and calcium pyrophosphate dihydrate crystals during gout and pseudogout 18 [17], amyloid-β during Alzheimer's disease [18] and silica and asbestos during inflammation of the 19 lung [19, 23]. 20 21
Abstract:
In both cells and animals, cannibalism can transfer harmful substances from the consumed to the consumer. Macrophages are immune cells that consume their own dead via a process called cannibalistic efferocytosis. Macrophages that contain harmful substances are found at sites of chronic inflammation, yet the role of cannibalism in this context remains unexplored. Here we take mathematical and experimental approaches to study the relationship between cannibalistic efferocytosis and substance accumulation in macrophages. Through mathematical modelling, we deduce that substances which transfer between individuals through cannibalism will concentrate inside the population via a coalescence process. This prediction was confirmed for macrophage populations inside a closed system. We used image analysis of whole slide photomicrographs to measure both latex microbead and neutral lipid accumulation inside murine bone marrow-derived macrophages (10 4 −10 5 cells) following their stimulation into an inflammatory state ex vivo. While the total number of phagocytosed beads remained constant, cell death reduced cell numbers and efferocytosis concentrated the beads among the surviving macrophages. Since lipids are also conserved during efferocytosis, these cells accumulated lipid derived from the membranes of dead and consumed macrophages (becoming macrophage foam cells). Consequently, enhanced macrophage cell death increased the rate and extent foam cell formation. Our results demonstrate that cannibalistic efferocytosis perpetuates exogenous (e.g. beads) and endogenous (e.g. lipids) substance accumulation inside macrophage populations. As such, cannibalism has similar detrimental consequences in both cells and animals. . The daughter macrophages are indicated with arrows. Intracellular beads are split between daughter cells during division. (C) A schematic to illustrate (i) that apoptosis produces one apoptotic cell (grey cloud) from one live cell (white circle) with equal bead content (smaller circles), (ii) efferocytosis transfers the beads content of an apoptotic (consumed) cell to a live (consumer) cell and (iii) division produces two daughter cells whose combined bead content is equal to the bead content of the parent cell. (D) A binary tree that represents how apoptosis/efferocytosis decreases the number of cells and increases the number of beads per cell by fusing the bead content of two live cells into one. In reverse, the same binary tree represents how cell division increases the number of cells and decreases the number of beads per cell by splitting the bead content of one cell between two.
apoptosis, efferocytosis and division (observed in vitro and in vivo) and neglect monocyte recruit- The experiments presented in Figure 3 show that efferocytosis concentrates beads inside mac-116 rophages following bead phagocytosis. Figure 3A shows images of bead-loaded BMDMs prior to shown in Figure 1 . We estimate the average death rate of bead-loaded BMDMs stimulated with cell-to-cell variation with respect to lipid content increases with time, i.e., we see larger disparities 162 in lipid content between cells.
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In Figure 4 , the quantity of intracellular lipid is expressed in arbitrary units (the cell area that The following system of non-linear differential equations (a coagulation-fragmentation model) was used to model the dynamic redistribution of beads inside macrophage populations via apoptosis, efferocytosis and division: 
where φ n = φ n (t) and φ † n = φ † n (t) represent the number density of live and apoptotic macrophages 299 that contain n ≥ 0 beads at time t ≥ 0. Equations (1) and (2) are closed by specifying initial 300 distributions φ n (0) = ψ n and φ † n (0) = ψ † n , n ≥ 0. The apoptosis, efferocytosis and division rates 301 were assumed to be independent of cellular bead content and assumed to occur with rates β (per We define the proportion of live and dead cells with n beads by p n (t) ≡ φ n (t)/N (t) and p † n (t) ≡ φ † n (t)/N † (t) respectively. We make the simplifying assumption that efferocytosis is instantaneous (η → ∞) such that p † n (t) = p n (t). With this rescaling and assumption, equations (1) and (2) reduces to: d dt p n =β n n =0 p n p n−n + 2α ∞ n =n n n p n 2 n − (2α + β)p n .
The solution for the population size is N (t) = N 0 e (α−β)t where N 0 is the initial number of cells.
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Solutions to equation (3) are shown in Figure 2 for the case without cell division α = 0 ( Figure  2B ) and with cell division α = β ( Figure 2C ). Here, we use an initial condition where every cell initially (N 0 cells) contains n = 1 bead (p n (0) = 1 for n = 1 and p n (0) = 0 for n = 1). With α = 0, the population exponentially decays in size N (t) = N 0 e −βt and the proportion of cells with n beads p n has the following geometric distribution (see Supplementary Material 1 for details): p n = e −βt 1 − e −βt n−1 .
(4)
With α = β the population size remains constant over time N (t) = N 0 and the proportion of cells with n beads p n tends to an equilibrium state that satisfies the following relation:
3p n = n n =0 p n p n−n + 2 ∞ n =n n n p n 2 n .
The forward Euler method [53] was used to numerically solve equation (3) with α = β.
To compare the model to the experimental data shown in Figure 3 , we assumed that bead-loaded 319 macrophages stimulated with LPS and IFNγ do not divide α = 0 and die with rate β = 1/60 per 320 hour (see Supplementary Material 2). The model prediction for the proportion of cells with n beads were phagocytosed. The medium was then replaced with high glucose DMEM supplemented
